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Numerous posttranslational modifications alter surface-exposed residues of tubulin within stable microtu-
bules. The significance of one modification, glycylation, characteristic of ciliary and flagellar microtubules,
has been particularly elusive. Two groups now identify the glycylation enzymes and determine the develop-
mental consequences of their depletion. Glycylation enzymes and those responsible for another modifica-
tion, glutamylation, work in opposition to one another in modifying microtubules.Thesubstituent polypeptides of themicro-
tubule cytoskeleton, a- and b-tubulin, are
substrates for a bewildering number of
posttranslational modifications (reviewed
in Hammond et al., 2008). All tubulinmodi-
fications except acetylation occur on the
C-terminal portion of the tubulin polypep-
tide and are thus exposed on the microtu-
bule surface (Li et al., 2002). Tubulinmodi-
fications occur not only post-translation,
but also post-polymerization; that is, they
occur on tubulin assembled into microtu-
bules, such that microtubules that stably
persist in the cell posses a surface
chemically demarcated from other, more
dynamic microtubules (Bulinski and Gun-
dersen, 1991).
One of the least understood tubulin
modifications is glycylation, a reversible
modification that commences with addi-
tion of a side-chain glycine residue, via
a peptide bond, to the g-carboxyl group
of glutamate residues near the C terminus
of the a- and b-tubulin polypeptides (Bre´
et al., 1998). Subsequently, elongation of
the glycine side chains, typically to 3 or
5 glycines in total, occurs on a- and
b-tubulin, respectively. Glycylation occurs
mostly on the B-tubules of axonemal
microtubules in cilia and flagella; these
microtubule subfibers are also subject
to other posttranslational modifications,
suchasdetyrosination, andglutamylation.
The latter modification involves addition
of glutamates to the g-carboxyl group of
glutamates of a- or b-tubulin, at sites
flanking those atwhich glycylation occurs.
Given the proximity of glycylation and glu-
tamylation C-terminal sites, it has been
proposed that there may be balance
between these two modifications withintubulin polypeptides (Redeker et al.,
2005).
Progress has been slow in assigning
functions to the plethora of microtubule
posttranslational modifications. The ge-
nomes of all organisms that possess
each reversible modification must encode
at least one enzyme to carry out the modi-
fication and one to reverse it. Thus, some
understanding of the raison d’eˆtre of
each posttranslational modification has
been achieved by genetically or pharma-
cologically interfering with the relevant
enzymes. Two current papers (Rogowski
et al., 2009 [in a recent issueofCell];Wloga
et al., 2009 [this issue of Developmental
Cell]) have now achieved breakthroughs
toward the tripartite goal of (1) identifying
the enzymes that carry out glycylation, (2)
providing insights into how posttransla-
tional modification regulates microtubule
function, and (3) identifying elements that
regulate glycylation. Meeting these three
goals has brought the glycylation modifi-
cation to the forefront; since glycylation
is now known to be required for assembly
of primary and motile cilia, as well as
flagella, these papers also aid in our
understanding of the functions of these
organelles.
To attack the first goal, the Janke and
Gaertig groups each used a process of
elimination to identify the TTLL3 family
members as conserved glycine ligases.
Glycylation, glutamylation, and tyrosina-
tion all involve addition of an amino acid
to a glutamate residue through the forma-
tion of an amide bond. Previous studies
had shown that glutamylation enzymes
contain a catalytic domain homologous
to that of the tyrosinating enzyme, tubulinDevelopmental Celtyrosine ligase (TTL; Janke et al., 2005),
the first tubulin posttranslational modi-
fying enzyme to be identified (Wehland
and Weber, 1987). Thus, Rogowski et al.
(2009) worked through all the TTLL family
members not yet characterized, using
overexpression and in vitro assays to
demonstrate that both TTLL3 and TTLL8
initiate glycylation (mono-glycylate tu-
bulin), while TTLL10 elongates the glycine
chain (poly-glycylates tubulin) in ma-
mmals. In fact, the authors found that the
human ortholog of TTLL10 containsmuta-
tions sufficient to inactivate its enzymatic
activity, such that tubulin in human sperm
only becomes mono-glycylated, in co-
ntrast to all other organisms they exam-
ined, which have poly-glycylated tubulin.
More primitive organisms such as Dro-
sophila utilize a family of bifunctional
TTLL3 enzymes that serve both mono-
and poly-glycylation functions. In con-
trast, Wloga et al. (2009) zeroed in on
TTLL3as theglycylation enzymebyexam-
ining the genomes of various protists to
determine which TTLL family member
was correlated with the existence of gly-
cylation.
Next, both groups genetically interfered
with TTLL3. Rogowski et al. (2009) utilized
RNAi of TTLL3B, to decimate the TTLL3
abundantly expressed in Drosophila te-
stes; this caused decreased viability and
sterility in surviving males, with aberrant
sperm tail axonemes. TTLL3Bknockdown
also prevented glycylation of several
other, newly discovered, glycylation su-
bstrates, raising the possibility that the
embryonic lethality was caused by failure
to glycylate a protein other than a- or b-
tubulin.l 16, June 16, 2009 ª2009 Elsevier Inc. 773
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PreviewsFigure 1. Activity of Glycylation and Glutamylation Enzymes Oppose Each Other (Like
a Pushmi-Pullyu), in Their Posttranslational Modification of Tubulin C-Terminal Glutamate
Residues within the B Subfiber of Flagellar and Ciliary Axonemes
As shown, if tubulin in the B subfiber becomes glycylated, axonemes assemble and are competent to carry
out the functions depicted. However, if glycylation is prevented, glutamylation occurs instead, and
axoneme assembly is blocked, along with the many developmental events that require functional
axonemes.For Wloga et al. (2009), the 50 TTLL
genes that render the ciliated protozoan,
Tetrahymena, a favorable organism for
TTLL studies presented a hurdle: even
sextuple knockouts (3A–F) of TTLL3 family
members yielded residual glycylation,
suggesting that further glycylation en-
zymes remain to be discovered. However,
TTLL3AB knockout ablated most TTLL3
activity and produced more rapid overall
cell growth and growth of cilia, whose
microtubules showed altered microtubule
dynamics. Only expression of dominant-
negative TTLL3 caused a significant
decrement in growth rate and final length
of cilia. However, a knockdown of TTLL3
in zebra fish, using antisense morpholino
oligos that inhibited TTLL3 splicing or
translation, gave rise to defective motile
and primary cilia in the olfactory placode,
kidney, spinal cord, Kupffer’s vesicle, and
brain, with the latter two causing defects
in development and in markers of left-right
asymmetry. These findings suggest that
tubulin glycylation is required specifically
for the assembly and dynamics of ciliary774 Developmental Cell 16, June 16, 2009 ª2and flagellar axonemes. They further
suggest that this posttranslational modifi-
cation distinguishes a subset of themicro-
tubules within a cell, a role originally
suggested for tubulin posttranslational
modifications (Bulinski and Gundersen,
1991).
Particularly striking in both studies was
that decreased glycylation yielded in-
creased glutamylation. As originally po-
stulated (Redeker et al., 2005), this sug-
gested that glycylating and glutamylating
enzymes exist in a competition to modify
C-terminal sites, like the Pushmi-Pullyu
in the Dr. Doolittle story (Figure 1). This
finding is reminiscent of previous studies
of mouse TTL knockout animals (Erck
et al., 2005). TTL knockout yields in-
creased detyrosinated tubulin, as ex-
pected, but since detyrosinated tubulin is
the substrate for cleavage of the penulti-
mate C-terminal residue, i.e., yielding D2
tubulin, the phenotypes of these mice
can be ascribed to decreased tyrosinated
tubulin, increased detyrosinated tubulin,
and/or increased D2 tubulin. A parallel009 Elsevier Inc.conundrum confounds interpretation of
glycylation knockdowns or knockouts,
since altering the level of either or both
glycylation or glutamylation may alter the
function of cilia and flagella, by altering
the lattice or assembly-disassembly dy-
namics of axonemal microtubules, as
well as their repertoire of binding and
severing proteins. In fact, in unpublished
data cited by Wloga et al. (2009), en-
hanced expression of a ciliary glutamylat-
ing enzyme yielded almost the same
phenotype as overexpression of a domi-
nant-negative version of TTLL3A. Thus,
despite—or because of—the role of glycy-
lation in limiting glutamylation, the striking
developmental defects described in
TTLL3-deficient organisms by the Janke
and Gaertig labs demonstrate that glycy-
lation is a vital, and no longer elusive,
modulator of protein function.
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